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Abstract
The effects of climate change on freshwater ecosystems are amplified in high-latitude regions, 
however, Alaska climate data are limited due to the remote location of the Arctic. Predictions 
have indicated that warming temperatures owing to climate change could increase fish growth, 
but the magnitude and factors influencing these changes remain uncertain. Here I investigated 
the relationship between Lake Trout Salvelinus namaycush growth and physical and biological 
characteristics, fish community structure and climate patterns. I applied biochronology 
techniques to predict recent climate patterns from annual growth increments recorded on Lake 
Trout otoliths. Growth increments were also used to perform length-at-age back-calculations and 
to estimate the growth coefficient K, as described by a von Bertalanffy growth model. Lake 
Trout were captured from 13 climate-sensitive lakes in the Fish Creek watershed in Arctic 
Alaska during 2014 and 2015. Individual Lake Trout (N = 53) ranged from 471-903 mm fork 
length (FL; mean = 589.3 mm) and their readable annuli, representative of age, ranged from 
9-55 annual growth increments. I constructed a growth chronology for the period 1977-2014 
and used model selection to identify the best predictive model of relative Lake Trout growth 
(ring width index; RWI) as a function of climate descriptors. A single covariate model was the 
best predictor and indicated that RWI tracked mean August air temperature recorded at a local 
weather station from 1998-2013 (P < 0.001; R2adj = 0.55; RMSE = 0.048). Lake Trout growth (K) 
was subsequently modeled as a function of physical and biological characteristics, and fish 
community structure, using multiple linear regression. The highest ranked model included 
physical (i.e., depth, distance to river and coast, connectivity class, and number of stream 
intersections) and biological (sex) covariates. Model averaging indicated K  was higher in deeper, 
well connected lakes, located further from the coast and was lower with increasing distance from
iii
a large river, though the relationship with depth was found to be the single significant covariate. 
This study demonstrated the utility of biochronology techniques to estimate past climate patterns 
in remote regions, and provided valuable knowledge regarding growth-environment relationships 
for Lake Trout. In turn, this information can be used to better understand the effects of a 
changing environment in sensitive Arctic lake ecosystems.
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General Introduction
High-latitude ecosystems, such as those found in Arctic Alaska, have shown increased 
effects of climate change relative to other regions across the Earth (Serreze et al. 2000). For 
example, climate records indicate that air temperatures in Arctic North America increased 0.6°C 
per decade from 1981-2013, approximately three times the global average increase of 0.2°C per 
decade during the same time period (Comiso and Hall 2014). These patterns are expected to 
continue across the Arctic into the near future (Serreze and Barry 2011). As temperatures 
increase, many physical and biological processes will be affected (Hinzman et al. 2005), such as 
declines in sea ice (Wendler et al. 2014), warming of permafrost (Osterkamp and Romanovsky 
1999), increasing lake temperatures (O’Reilly et al. 2015), and changes in lake ice phenology 
(Arp et al. 2010). The direction of these changes is well documented, yet the rate, magnitude, 
and future implications for Arctic regions are uncertain.
Aquatic ecosystems, specifically lakes, dominate the landscape of Arctic Alaska, 
covering 20-40% of the region (Grosse et al. 2013). Climate change directly affects Arctic lake 
temperature through the aforementioned processes (Carpenter et al. 2011). For example, lake 
temperatures are known to be strongly related to air temperatures (Schneider and Hook 2010). 
Accordingly, increases in air temperatures are expected to result in increased lake temperatures 
across Arctic Alaska (Rouse et al. 1997). This is especially true for lakes on the Arctic Coastal 
Plain, which are often minimally stratified (termed polymictic; Lewis 1983) during the ice-free 
period due to relatively shallow depths, high winds, and a short ice-free period (Hinkel et al. 
2012). This mixing causes these lakes to be more responsive to inter-annual variability in terms 
of air temperature and, therefore, more sensitive to climate warming in the region (Adrian et al. 
2009).
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Water temperature is often a defining physical characteristic in aquatic ecosystem 
processes (Brett 1956). Lake temperature changes may have implications for aquatic biota 
because warmer lake temperatures lead to increased summer stratification and changes to 
primary productivity (Rouse et al. 1997; Hobbie et al. 2003; Prowse et al. 2006). Water 
temperatures and associated ecosystem changes play an important role in fish growth through 
metabolic processes (Clarke and Johnston 1999). In general, growth is expected to increase as 
temperature and productivity increase (McDonald et al. 1996; Reist et al. 2006; Carey and 
Zimmerman 2014). Growth in fishes is often used as a fundamental proxy for individual fitness, 
and growth rates have been shown to be influenced by physical and biological characteristics as 
well as fish community structure (Le Cren 1951; McDonald et al. 1996; Beauchamp 2009; Blair 
et al. 2013). These increases in growth may appear to be positive, but there are inherit problems 
associated with increased growth. Increased growth or abundance may cause a population to 
outgrow the available food source (Elliott 1990). For example, an individual-based bioenergetics 
model predicted that a 3°C increase in mean monthly water temperature during the ice-free 
months could alter Lake Trout Salvelinus namaycush growth and metabolism to the point where 
the increased demands for energy intake exceeded any corresponding increase in food 
availability (McDonald et al. 1996). As a top predator, Lake Trout hold an important place in 
aquatic food webs. Their diverse diet consists of forage fishes as well as invertebrates, allowing 
them to have impacts across a wide range of trophic levels (Hershey 1990). Changes to lake 
ecosystems are expected to have far reaching effects on growth; however, the specific effects of 
increasing lake temperatures on Lake Trout in Arctic Alaska lakes have yet to be quantified.
The science of dating annual growth layers in woody plants and the extrapolation of 
associated environmental information (dendrochronology) has provided a reliable proxy to
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reconstruct past environmental parameters in terrestrial ecosystems (Shroder 1980). These same 
techniques can be applied to aquatic ecosystems using annual growth increments recorded on 
fish otoliths. The method of using otoliths from long-lived fishes to measure growth and its 
relationship with environmental parameters has been tested and shown to be a reliable proxy for 
climate reconstruction (Smith et al. 2008; Black et al. 2013). Lake Trout otoliths provide an 
opportunity for this method due to this species’ long life span and their distribution across Arctic 
Alaska and Canada (Wilson and Herbert 1998). Lake Trout are long-lived, known to exceed 50 
years of age in Arctic ecosystems (Power 1978; Burr 1987). In other parts of their range, Lake 
Trout inhabit deep oligotrophic lakes that seasonally stratify. Because of minimal summer 
stratification and the short ice-free period, lakes on the Arctic Coastal Plain track seasonal 
variability in air temperature (Arp et at. 2010) and thus are quite variable in their temperature 
and productivity. Seasonal and inter-annual variability in air and lake temperatures should be 
reflected as measureable differences in Lake Trout growth which are recorded in the form of 
growth rings on otoliths. By combining growth data recorded from Lake Trout otoliths with 
biochronological techniques, recent historic patterns can be reconstructed, allowing for a better 
understanding of how climate change affects aquatic ecosystems in Arctic Alaska.
Due to the lack of comprehensive climate data available in this region and the 
opportunity provided by biochronological analysis of Lake Trout otoliths, the overall goal of 
chapter one was to examine the relationship between Lake Trout growth and climate to 
reconstruct past climate patterns in this Arctic region. Specifically, my objectives were to use 
annual increments recorded on Lake Trout otoliths to build a growth chronology, evaluate 
relationships among Lake Trout growth and climate descriptors, and use this relationship to hind- 
cast climate patterns based on Lake Trout growth patterns. I expected that the Lake Trout growth
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chronology would show a positive relationship with climate descriptors (e.g., air temperature), 
allowing me to hind-cast estimates of multi-decadal climate patterns.
Given impending changes to physical, biological, and fish community structure in Arctic 
lakes and the importance of Lake Trout as a top predator in these systems, the overall goal of 
chapter two was to better understand how individual Lake Trout growth varied among lakes with 
differing physical and biological characteristics, and fish community structure. Specifically, my 
objectives were to estimate individual growth rates (K; von Bertalanffy 1938) and examine 
relationships among K  and physical and biological characteristics, and fish community structure 
measured for study lakes. A better understanding of how Lake Trout growth is influenced by 
environmental factors will provide critical information about this top predator in the warming 
Arctic.
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Chapter 1: Lake trout (Salvelinus namaycush) otoliths as biochronological 
indicators of recent climate patterns in Arctic Alaska1
Abstract
The effects of climate change are amplified in high-latitude ecosystems. Despite this, due 
to the remote nature of Arctic Alaska, long-term climate data are limited. To better understand 
these ecosystems, long-term, spatially comprehensive climate estimates are needed. Here we 
applied biochronology techniques to predict recent (~40 years) climate patterns from annual 
growth increments recorded on adult lake trout (Salvelinus namaycush) otoliths (N = 53). Lake 
trout were captured from 13 lakes in the Fish Creek watershed in Arctic Alaska. Individual lake 
trout ranged from 471-903-mm fork length (mean = 589.3 mm), their readable annuli, 
representative of age, ranged from 9-50 annual growth increments. Following correction for age- 
related growth decline, a growth chronology was constructed for the period 1977-2014 and 
model selection was used to identify the best predictive model of a standardized metric of 
relative lake trout growth (ring width index; RWI) as a function of climate descriptors. A single 
covariate model was the best predictor, indicating that RWI tracked mean August air temperature 
recorded at a local weather station for the period 1998-2013 (P < 0.001; R2adj = 0.55; RMSE = 
0.048). Based on the RWI predicted mean August temperature, no clear warming trend was 
apparent for this period, which is consistent with station data. However, when RWI was 
predicted from modeled mean August temperatures, a clear trend was identified showing 
increasing RWI from 1950-2014. Using otoliths as an alternative data source provided an
1 Torvinen, ES, Falke, JA, Arp, CD, Jones, BM, Zimmerman, CE, and M. Whitman. Lake trout
(Salvelinus namaycush) as biochronological indicators of recent past climate patterns in Arctic 
lakes. Formatted for submission to Global Change Biology.
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opportunity to reconstruct patterns in recent climate and subsequent ecological responses. Such 
data are critical for understanding rapidly changing freshwater systems in data sparse regions.
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Introduction
High-latitude ecosystems, such as those found in Arctic Alaska, show increased effects of 
climate change relative to other regions globally (Serreze et al., 2000). This is largely attributed 
to positive feedback effects termed Arctic Amplification (Serreze and Francis, 2006); for 
example, during the period 1979-2012, mean annual air temperature in Barrow, Alaska 
increased 2.7°C, approximately one order of magnitude higher than the global increase for the 
same time period (Wendler et al., 2014). These patterns are expected to continue as sea ice 
declines across the Arctic into the near future (Serreze and Barry, 2011). As air temperatures 
increase, many physical changes are expected, including, declining sea ice (Serreze et al., 2007), 
thawing permafrost (Osterkamp and Romanovsky, 1999), increasing lake temperatures (O’Reilly 
et al. 2015), and changing lake ice phenology (Arp et al., 2010). Although the direction of these 
changes is well documented, the rate, magnitude, and future implications for ecological 
processes in Arctic regions remain poorly constrained (Hinzman et al., 2005).
Long-term air temperature data are limited in northern Alaska, owing both to sparse 
population density, and to the costs and logistics associated with accessing this remote region (R. 
Vose, National Climatic Data Center, unpublished data). Available data often include only the 
past few decades and are incomplete due to the difficulties maintaining instruments in this harsh 
environment (Rasmussen et al., 2012). It is often difficult to detect significant air temperature 
increases over short time periods, and continuous data over periods of 30 years or more are 
needed (Hansen et al., 2010). Moreover, long-term weather stations are typically located in the 
few communities of the region (e.g., Barrow, Alaska), sparsely distributed, and situated near the 
Arctic coast. As a result, environments for which climate is monitored in Arctic Alaska are often
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not representative of the region as a whole (e.g., inland or higher elevation locations; Cherry and 
Jacobs, 2012).
Research assessing past climate patterns has been at the forefront of climate change 
research in recent decades (Crowley, 2000; Comiso et al., 2008). A variety of paleoclimate 
methods have been developed, including analysis of lake and marine sediments, ice cores, and 
glacial movements (Overpeck et al., 1997). These methods, however reliable, often lack the 
temporal precision needed to assess shorter and more recent time periods (Barnekow et al., 
2007). To properly study climate patterns and make informed management decisions in this 
remote environment, precise, multi-decadal estimates of past temperature patterns are needed.
The science of dating annual growth layers in woody plants and the extrapolation of 
associated environmental information, dendrochronology, has provided a reliable proxy to 
reconstruct past environmental parameters in terrestrial ecosystems (Shroder, 1980). The subject 
biochronology, with respect to this study, refers to applying these same techniques to aquatic 
ecosystems using the annual growth increments recorded on the calcified or siliceous material of 
mollusk shells, corals, and fish otoliths. Growth increments recorded on otoliths from long-lived 
fish species indicate growth and their relationship with environmental parameters allow climate 
reconstruction (Smith et al., 2007; Black, 2009; Black et al., 2013). For example, a study 
conducted in the Pacific Northwest found that growth chronologies of three long-lived marine 
species, yelloweye rockfish (Sebastes ruberrimus), splitnose rockfish (S. diploproa), and the 
bivalve species geoduck (Panopea generosa), significantly correlated with the Pacific Decadal 
Oscillation, an index of sea surface temperatures in the North Pacific Ocean (Black, 2009). This 
example shows that biochronological methods can provide valuable estimates of past climate, 
particularly when empirical data are not available.
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Regional climate, specifically air temperature, directly influences lake temperatures 
(Adrian et al., 2009). Accordingly, increases in air temperatures have resulted in increased lake 
temperatures throughout the globe (Schneider and Hook, 2010) and across the Arctic Alaska 
(Arp et al., 2016). Lake temperatures play an important role in fish growth both directly (e.g., 
metabolic processes; Kitchell et al., 1977; Magnuson et al., 1990) and indirectly through 
environmental and trophic processes (e.g., dissolved oxygen levels, lake ice dynamics, prey 
productivity; Stefan et al., 2001; Alexeev et al., 2016). In order to maximize growth potential 
lake trout, a cold-water species, inhabit a waters ranging over 6-13°C (Martin and Olver, 1980; 
Snucins and Gunn, 1995). As a result of warming water temperatures, and the expected increases 
in prey productivity, lake trout growth is expected to increase (McDonald et al., 1996).
Lake trout otoliths provide an opportunity to apply emerging biochronological methods 
to predict climate patterns (Black et al., 2013). First, the species is broadly distributed across 
Arctic Alaska and Canada, two remote regions that lack long-term climate data (Wilson and 
Herbert, 1998). Second, lake trout are a long-lived fish, known to exceed 50 years of age in 
Arctic ecosystems (Power, 1978), and thus their growth chronologies could provide valuable 
insight into climate patterns in the recent past. In many areas within their range, lake trout are 
characteristic of deep oligotrophic lakes that stratify seasonally (Ryder, 1972); as a result, their 
growth rates may be less sensitive to air temperature patterns. However, on the Arctic Coastal 
Plain (ACP), lake trout are found in relatively shallow, polymictic lakes (Lewis, 1983; L. 
Moulton, MJM Research, LLC, unpublished data) that experience minimal summer stratification 
and a short ice-free period. Thus, they closely track seasonal variability in air temperature (Arp 
et al., 2010; Hinkel et al., 2012). As a result, lake trout growth in this region is expected to be 
correlated with seasonal and inter-annual variability in air and lake temperatures. This hypothesis
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is supported by previous biochronological research, which indicated that variability in air 
temperatures correlated with variability in lake trout growth (Black et al., 2013). For these 
reasons, and owing to the correlation among climate, lake thermal regimes, and growth, lake 
trout may be an ideal indicator of climate in the Arctic.
Due to the lack of comprehensive climate data available in this region and the 
opportunity provided by biochronological analysis of lake trout otoliths, our overall goal was to 
examine the relationship between lake trout growth and air temperature and sea ice conditions to 
reconstruct past climate patterns in this Arctic region. Specifically, our objectives were to: 1) use 
growth-increment analysis to measure lake trout growth; 2) use these measurements to build a 
growth chronology; 3) evaluate relationships among lake trout growth and climate; and 4) hind- 
cast climate patterns based on lake trout growth patterns. We expected that a lake trout growth 
chronology would show a positive relationship with climate descriptors (e.g., air temperature), 
ultimately allowing us to make inferences into multi-decadal climate patterns. To better constrain 
the unique Arctic ecosystem and provide informed recommendations for conservation and 
management, a long-term, spatially comprehensive knowledge of past temperature patterns is 
needed.
Materials and methods
Study area
This study focused on the central portion of the ACP in northern Alaska (Figure 1.1). The ACP 
is a lake-rich region where lakes may comprise >20% of the landscape (Sellmann et al., 1975; 
Hinkel et al., 2005; Arp and Jones 2009). Lakes in the central ACP formed through flooding of
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natural depressions during the beginning of the Holocene period (Rawlinson, 1993). Lake size 
reflects the surrounding topography and lakes often have an elliptical shape perpendicular to the 
prevailing Northeast winds typical of this region (Sellmann et al., 1975; Hinkel, 2006). Lakes in 
this region are often shallow, and generally must exceed 1.6 m for floating ice to be present 
(Grunblatt and Atwood, 2014). Floating ice (i.e., liquid water remains present) during the winter 
months is essential for fish persistence; therefore this study focused on relatively deep (> 5 m) 
lakes.
Limnological and fish sampling occurred within the Fish Creek watershed (FCW). The 
FCW covers 4,900 km2 of the ACP and encompasses 4,362 lakes < 1 ha (Jones et al., 2017) 
(Figure 1.1). At least 16 fishes, both resident and migratory species, use lakes, rivers, and 
streams within the FCW. The most common species in the FCW and surrounding region include 
ninespine stickleback (Pungitius pungitius), Alaska blackfish (Dallia pectoralis), and least cisco 
(Coregonus sardinella) (Whitman et al., 2011; Haynes et al., 2014). Lake trout are less common, 
but are known to occur in deep lakes throughout FCW (L. Moulton, MJM Research, LLC, 
unpublished data).
The FCW is located within the federally managed National Petroleum Reserve-Alaska, 
and is a focal watershed for monitoring effects of climate change and land use (Whitman et al., 
2011). This project compliments two other freshwater ecological studies being conducted in the 
FWC, namely 1) a three year interdisciplinary study focused on freshwater habitat (Fish CAFE), 
and 2) a lake monitoring research project spanning 2012-2015, the Circum-Artic Lake 
Observation Network (CALON). Results of the Fish CAFE and CALON projects, as well as 
ongoing climate monitoring by the US Geological Survey (Urban and Clow, 2014) provided a
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rich dataset that has proved valuable in site selection and other aspects of this project (see 
below).
Site selection
Over 4,300 lakes have been identified within the Fish Creek Watershed (Jones et al., 2017), but it 
is largely unknown which of these lakes contain lake trout. A subset of lakes was chosen using a 
lake classification scheme developed using hydrogeomorphic attributes to characterize lake types 
(Jones et al., 2017). This subset of lakes was selected for sampling using three criteria: depth, 
connectivity, and surface area. Lakes were designated as either deep or shallow by using 
Synthetic Aperture Radar (SAR) to determine whether each lake ice regime is considered bedfast 
(shallow) or floating (deep). This cutoff occurs in the FCW at a depth of approximately 1.6 m 
(Grunblatt and Atwood, 2014). Lakes containing deeper pools were manually identified using 
color infrared (CIR) orthophotography. Lakes without deep pools were not expected to contain 
lake trout and thus were not included in our sampling frame. Connectivity classes were assigned 
using the ArcGIS hydrology toolset with data collected from Interferometric Synthetic Aperture 
Radar (IfSAR). Lakes were then assigned one of four connectivity classes: isolated, seasonally 
connected, perennially connected, or flow through. Isolated lakes are not expected to contain 
lake trout and were subsequently not included. These same IfSAR data were used to estimate and 
classify lakes by surface area (i.e., large or small); for the purpose of this study, this cutoff was 
defined as greater or less than 200 ha. (Jones et al., 2017). Preliminary data from plankton tows 
and fish sampling conducted during the 2014 Fish CAFE field effort, as well as previous studies 
in nearby regions, predicted these three physical attributes to be representative of variation in 
primary and secondary productivity and fish community structure (Haynes et al., 2014; Laske et 
al., 2016).
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Fish capture
Lake trout were captured during 2014 and 2015 using a combination of baited set lines (jug sets), 
angling, and sinking gill nets. Hook-less jug sets are a passive angling technique in which high 
visibility floating buoys are attached to a bottom weight using a heavy line, with bait attached to 
the weight on a lighter 1 -2-m leader. These jug sets were checked every 24 hours at a minimum. 
When time and weather allowed, experimental gill nets were also deployed in the deepest areas 
of each lake. One experimental variable-mesh gill net measured 38 m x 1.8 m, with five panels 
ranging in bar mesh size from 1.3 to 6.5 cm. The other gill net measured 30 m x 1.8m, with three 
panels ranging in bar mesh size from 6 to 9 cm. To minimize bycatch, gill nets were checked 
every 2 to 3 hours. These passive collection techniques complimented the angling methods to 
target adult lake trout. Based on data from a pilot study conducted in 2014, only large adult lake 
trout (> 471-mm fork length) assumed to be long lived were collected to ensure sufficient annuli 
recorded on the otoliths to facilitate building a long-term growth chronology. Fish were 
euthanized via decapitation, morphological measurements of fork length (mm) and weight (kg) 
were taken, and sex was identified by opening the body cavity and observing gonads. Finally, 
both sagittal otoliths were removed using the guillotine method (Secor et al., 1991).
Otolith analysis
Once collected, otoliths were cleaned and stored dry in paper envelopes until embedded in 
epoxy. Otoliths were then sectioned on the transverse plane using a low-speed wafering saw 
(Buehler, Lake Bluff, Illinois) before being affixed to a microscope slide. Digital images of each
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sectioned otolith were taken with a 5.0 megapixel digital camera (DFC425, Leica Camera, Inc., 
Allendale, New Jersey) affixed to a compound microscope (Leica DM 2000) using transmitted 
light.
Digital images were used to assign a calendar year to each readable annulus and allow 
visual crossdating techniques to ensure the correct year was assigned to the correct annulus. 
Crossdating is a technique employed by dendrochronologists under the assumption that that an 
environmental variable (e.g., temperature) limits growth. As a result, annuli width patterns will 
vary as a function of environmental variation. This environmental control on growth is expected 
to result in similar patterns of annuli width in individuals collected within a region (Stokes and 
Smiley, 1996; Black et al., 2005).
After visual crossdating, annuli widths were measured using Image Pro Plus 7.0 software 
(Media Cybernetics, Rockville, MD, USA) using the caliper tool, beginning at the otolith margin 
and proceeding on a continuous transect to as close to the focus as possible (Figure 1.3). 
Although care was taken to measure each annulus perpendicular to the axis of growth (von Biela 
et al., 2015), these methods require clear identifiable annuli thus owing to variation in otolith 
growth patterns the exact location and length of the measurement transect varied between 
individuals. Each annulus was defined by, and measured from, the outside margin of the 
translucent zone (a narrow dark band under transmitted light) to the outside margin of the next 
translucent zone (Beckman and Wilson, 1995) and resulted in annual raw ring width values 
(mm). During otolith formation, material is not deposited uniformly; thus, transverse sections are 
used to improve clarity. Despite this method, otolith clarity was still inconsistent (Chilton and 
Beamish, 1982) and annuli from early growth years were often unclear. Because of this
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variability, and because juvenile lake trout ecology in the ACP region is poorly understood, we 
omitted early growth year increments from further analysis.
Biochronology analysis
The dendrochronolgy software COFECHA (Holmes, 1983) was used to statistically verify visual 
crossdating (Grissino-Mayer, 2001). Each individual series was fit to a cubic spline. Compared 
to many dendrochronology studies, which are conducted on trees where individual ages can 
exceed thousands of years, our lake trout series was relatively short. To account for the limited 
series length, we applied a flexible spline of 16 years (Brian Black, University of Texas at 
Austin, personal communication). To standardize the series the raw ring width values were 
divided by the values predicted by the spline, resulting in a series with a mean = 1.0. Each 
individual series was removed from the master series and correlation analysis performed, which 
resulted in a series inter-correlation (SIC) value and mean sensitivity index. The SIC value is the 
mean of each series correlation with the master series; the mean sensitivity index is a measure of 
inter-annual variability. In addition to calculating a SIC value for the entire sample, individual 
series were grouped SIC values were calculated by lake. Series with low (SIC < 0.10) or negative 
correlation values were visually inspected for potential dating errors. Final date assignments 
were never forced and always made through visual inspection.
Before the growth chronology could be constructed, each series was standardized 
individually using the dendrochronology program library (dplR; Bunn et al., 2013) in Program R 
(R Development Core Team, 2015) this was done because otoliths were not measured on 
standard axes. Each raw series was fit to a cubic spline and standardized by dividing the raw ring 
widths by the value predicted by the cubic spline, resulting in a ring width index (RWI, unitless) 
corrected for low-frequency variation (e.g., age-related growth decline). High frequency-
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variation remained in the series, thereby isolating the climate signal. Finally, the mean of each 
standardized time series was used to build the final growth chronology (Black et al., 2005; 2013).
Climate and sea ice data
Climate and sea ice data were obtained from weather station records and satellite observations, 
respectively. Empirical temperature data from the weather station closest to our study area, 
located at Inigok, Alaska (70° 00.162 N 153° 05.302 W), were available for the period 1998­
2014 (Urban and Clow, 2014). We summarized air temperature (May-October) measurements 
taken every two hours as daily means from which we calculated a suite of descriptors that 
included mean monthly and multi-month values (e.g., mean monthly, average air temperature 
July through September, etc.; Appendix 1). These descriptors were expected to have a high level 
of collinearity thus Pearson correlations were examined to reduce the number of descriptors to 
include in further analysis. In addition, weekly satellite observations were used to quantify Arctic 
Ocean sea ice extent to a 0.25° x 0.25° spatial resolution (Walsh et al., 2015).
Growth and climate relationship
Linear regression and model selection were used to identify the best set of climate descriptors 
that predicted lake trout growth (RWI). The variance inflation factor (VIF) was used to identify 
collinear descriptors. We retained variables with VIF < 10 for further analysis and to meet 
assumptions of linear models (Montgomery et al., 2015; Beatty et al., 2014). Because we were 
interested in identifying the best predictive model, we fit all subsets of RWI as a function of non- 
collinear climate descriptors using the “regsubsets” function of the R software package leaps (R 
Development Core Team 2015). The models were organized by length and those with the highest
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adjusted R2 (R2adj) values for each length were retained for further analysis. Based on this refined 
subset, we used Akaike’s information criterion (AIC) and Akaike weights (wi) to rank the 
models. The model with the lowest AIC and highest wi was considered the top model. 
Hind-casting climate and model comparisons
We used the results of the model selection to hind-cast climate patterns across the period covered 
by the growth chronology by refitting the linear model to predict climate descriptors based on 
observed RWI. In addition, we used modeled estimates of air temperature from the dynamical 
downscaled Weather Research and Forecast model optimized for Arctic regions (Polar-WRF) to 
predict RWI for the period 1950-2014. The Polar-WRF model predicts air temperature at three- 
hour intervals using a biased-corrected approach. These data were used to calculate daily means 
which were then summarized into descriptors identical to those calculated based on observed 
data (e.g., mean monthly, average air temperature May through August, etc.) This model was run 
using the National Centers for Environmental Prediction (NCEP) analysis dataset (Kalnay et al., 
1996). Regressions were performed between the growth chronology (RWI) and climate 
descriptors determined from previous model selection analysis. Finally, we also compared 
predictive performance between models based on observed and modeled climate descriptors 
using the R2ad' and root-mean-squared-error (RMSE) statistics.
Results
Fish capture
Otoliths were extracted from 53 adult lake trout captured from 13 lakes in the FCW during 2014 
(N  = 13) and 2015 (N = 40). Fish were captured using angling (N = 27), jug sets (N = 18), and
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gill nets (N = 8). Individuals ranged from 471-903 mm FL (mean = 589.3 mm FL; Figure 1.4). 
The number of readable annuli per individual ranged from 9-50 (mean = 21.2), and the sex ratio 
was skewed toward females (N = 34) over male (N = 18), with one individual of unknown sex. A 
simple binomial test confirmed that the probability of a captured individual being female was 
greater than 0.5 (P = 0.018; Table 1.1).
Crossdating analysis
Of the 53 lake trout captured, 49 had otoliths with sufficient clear, readable annuli. Although the 
oldest individual had clear readable annuli measuring back to 1965, in accordance with existing 
literature that suggested a minimum sample depth of five individuals, we limited our chronology 
to the period 1977-2014 (Figure 1.5). During crossdating, several years were identified to have 
consistently wide ring widths: 2007, 2004, and 1989 (Figure 1.3). Conversely, 2003, 1985, and 
1983 were identified as years with consistently narrow growth rings. Based on results of the 
COFECHA analysis, this series was found to have a mean series inter-correlation (SIC) of 0.327 
(SD = 0.15). Individual series correlation coefficients had a large amount of variation, and 
ranged from 0.054-0.697 (SD = 0.15). When grouped by lake, mean SIC values showed less 
variation and ranged from 0.251-0.466 (SD = 0.07). Within-lake variation differed among lakes 
when SIC values were grouped by lake; standard deviations were 0.009-0.214. Inter-annual ring- 
width variability (mean sensitivity index) was 0.231.
Growth and climate relationship
Evaluation of the full correlation matrix showed a high degree of collinearity between observed 
and modeled data. Therefore, 10 descriptors calculated from air temperature measured at the
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Inigok weather station were selected for further analysis (Table 1.2). The VIF analysis resulted in 
further reduction to six climate descriptors. These remaining climate descriptors were used in 
final model selection. The single variable model with mean August temperature,
RWI = 0.77 + 0.03(Ag), (11)
performed best (R2adj = 0.55, P < .001, AICc = -43.46, wi = 0.76, Table 1.3) and indicated that 
RWI increased with mean August temperature (Figure 1.6). This model was used for all further 
predictions.
Hind-casting climate
We refit the best model of RWI as a function of mean August temperature to hind-cast climate 
based on lake trout growth as follows:
The mean August temperatures hind-casted by the growth chronology using Eqn 1.2 correlated 
closely with observed mean August temperatures over where those data were available (1998­
2014), (Pearson’s r = 0.76) (Figure 1.6, Appendix 1.A.). Predicted August temperatures revealed 
some distinct patterns, such as a warming trend from 1978-1982 followed by cooler years over 
1983-1988. Conversely, 1998-2003 exhibited a cooling trend followed by a warm and variable 
period over 2004-2014. After removing 1977 from the time series, a year that significantly 
influenced the series (Bonferroni P  = < 0.001), the predicted August temperatures suggest a
Mean August Temperature (°C) = -11.70 + 18.96 (RWI). (12)
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warming trend for the period 1978 -  2014, although this relationship was not statistically 
significant (P = 0.45) (Figure 1.7).
Comparisons with existing climate models
We examined the predictive performance of models with observed and Polar-WRF modeled 
mean August temperature as independent variables to predict lake trout growth (RWI). The 
model using Polar-WRF modeled mean August temperature,
RWI = 0.0849 + 0.019(Ag), (1.3)
explained about one half of the variation in RWI relative to the model with observed data 
(R2adj = 0.224 vs. 0.55) and was less precise (RMSE = 0.049 vs. 0.080). Although the model that 
included observed mean August temperature (Eqn 1.1) performed better relative to modeled 
mean August temperature, the Polar-WRF predicted mean August temperature relationship with 
the growth chronology was significant (P = 0.002). Based on Eqn 1.3, RWI was predicted to 
have increased over time (R2 = 0.102, F  = 7.17, P  = .009) across the period for which climate 
data were available (1950-2015; Figure 1.8).
Discussion
Biochronology is a useful tool to reconstruct past environmental conditions, yet it has been 
applied almost exclusively to marine ecosystems (Strom et al., 2004; Black, 2009). Our research 
is one of few studies that apply these techniques to freshwater systems (Guyette and Rabeni, 
1995; Ostazeski and Spangler, 2001; Morrongiello et al., 2011; Black et al., 2013). We found
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that inter-annual variation in lake trout growth was correlated with variation in mean August air 
temperatures. This relationship allowed us to construct an accurate growth chronology that 
provides multi-decadal air temperature and fish growth estimates for this data-sparse region. 
Although these estimates provide valuable information to regional resource managers in this 
sensitive ecosystem, our methods and results include assumptions worth further discussion.
While the mean sensitivity (0.231) was similar to results from other otolith-based 
biochronologies (0.256; Black et al., 2013), the mean series inter-correlation (SIC = 0.327) was 
lower than expected compared to other studies. For example, biochronologies using otoliths from 
Pacific rockfishes found higher SIC values (0.54-0.65; Black, 2009). The SIC value represents 
the degree to which growth is synchronous between an individual and the composite growth 
chronology. Low SIC is possibly due to the lack of fish movement caused by seasonally limited 
connectivity among lakes. Due to the extreme seasonality of this region, fish passage through 
shallow-water connections is limited to the short summer season (Heim et al., 2015). Moreover, 
lakes within our study area have different physical characteristics (e.g., depth, connectivity), 
which subsequently work to mediate (i.e., filter) the effects of increased air temperature 
differently (Robertson and Ragotzkie, 1990). As a result of the lack of habitat connectivity and 
environmental heterogeneity among lakes, lake trout in one lake type (i.e., small, shallower, 
seasonally connected) experience different water temperature conditions than in another lake 
type (i.e., large, deeper, well connected). This difference, in concert with other ecological 
factors, leads to variation in growth rates, which was evaluated by calculating mean SIC values 
for each lake and making comparisons to the mean SIC value of the entire sample. These results 
showed less variation, with mean SIC values grouped by lake ranging from 0.251-0.466 (SD = 
0.07); in contrast, individual SIC values ranged from 0.054-0.697 (SD = 0.15). For example,
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mean SIC values for two lakes that shared a strong connection were higher (0.466 and 0.407) but 
the mean SIC value for a seasonally connected lake was lower (0.257). This difference suggests 
that individuals isolated in this seasonally connected lake showed less growth synchrony with the 
entire sample, corroborating the SIC value (0.327) for our chronology. Regardless, when 
evaluating the sample as a whole, 60% of the individual series had SIC values > 0.3, a criterion 
that indicates strong synchrony among series when crossdating otolith-based biochronologies (B. 
Black, personal communication, June 4, 2016).
Our model (Eqn 1.3) predicted increased lake trout growth with higher modeled mean 
August temperatures for Alaskan Arctic lakes (Figure 1.8), which is consistent with findings 
elsewhere that increased water temperatures result in higher metabolic rates and higher growth 
rates in lake trout (Brett and Groves, 1979; McDonald et al., 1996). However, our results are 
potentially complicated by a number of ecological factors. First, available prey species differ 
among Arctic lakes (Haynes et al., 2014); as a result, lake trout growth may be affected by 
productivity of lower trophic levels in addition to direct temperature effects. Generally, increases 
in water temperatures are associated with increased productivity of prey species (Carey and 
Zimmerman, 2014), but different prey species may react differently to temperature. Another 
second complicating factor was due to the disproportionate number of females in our samples. 
Female lake trout invest more energy into reproductive growth than males (Le Cren, 1951), and 
have less energy available for somatic growth which is associated with ring-width variation 
(Campana 1984). This is further complicated because female lake trout exhibit skip spawning in 
years with low resource availability, allowing more disproportionately more energy to be 
allocated to somatic growth in those years (Martin and Olver, 1980). Adoption of this tactic by 
individuals in this study could introduce variation in ring widths such as wide growth rings in
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years of skip spawning despite cold temperature conditions or vice versa. Unfortunately, little is 
known about lake trout spawning behavior in this region.
We found that over half of the variation in lake trout growth was explained by mean 
August temperature. August was the warmest month with respect to water temperatures and 
dependably ice-free; across the region lakes were well mixed during this period (Figure 1.2; Arp 
et al., 2013). Higher temperatures are expected to be associated with increased growth 
(McDonald et al., 1996). Because our study lakes minimally stratify, water conditions are 
isothermal and respond closely to air temperatures, thus lake trout are subject to variation in air 
temperatures. August temperatures also show a high degree of collinearity with mean summer 
temperatures, which typically represent the primary growing period for fishes on the ACP (Carey 
and Zimmerman, 2014). There are several ecological explanations for the importance of August 
temperatures to lake trout. Although little is known about lake trout spawning behavior in this 
region, in other Arctic lakes lake trout have been documented spawning during the first week of 
September (Burr 1987). August could be a time of heavy pre-spawn feeding and movement to 
spawning areas, this may be indicative of fish capture results, with August being our most 
productive month of capture (N  = 26).
Another caveat of our research is that removal of age-related growth to maximize the 
climate signal downplays the importance of ecological and genetic variability, both major factors 
in growth. While the intent is to simply isolate the climate signal, these standardization 
techniques may inflate the influence of climate as a driver of growth (Morrongiello et al., 2012). 
We believe that this inherent problem is less prevalent in this study due to the likelihood that 
seasonal growth is limited to the short summer season (Reist et al., 2006). This unique
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seasonality is represented in the high contrast between the opaque and translucent zone typical of 
otoliths collected at high latitudes (Beckman and Wilson, 1995).
Despite high sampling effort, our sample size was relatively small due to the remoteness 
of our study area and compounded by our limited knowledge of the regional distribution of lake 
trout. Many biochronology studies have a large sample size, usually as a result of sampling from 
archives, or capture of commercially harvested species. Such studies often have the luxury of 
removing non-compliant or short-lived individuals. The life span of lake trout and our lower 
sample size resulted in a mean series length of 20.4 years, which is short relative to sample sizes 
in similar studies (Black et al., 2005). As a result, the well documented warming trend detected 
from long term (>100 years; van Wijngaarden, 2015) air temperature records available in other 
Arctic regions was not detected in lake trout growth measurements within our sampling time 
period. Although the mean August temperature warming trend we detected was positive, we 
were unable to confirm a significant relationship. It is expected that a larger number of older 
individuals would have allowed for a chronology spanning a longer time period, crucial in 
detecting this warming trend.
Lake trout in the ACP are at the northernmost edge of their range (Mecklenburg et al., 
2002). Populations living at the edge of their distribution are more likely to experience 
physiological stress, be locally adapted, and have a higher risk of local extinction (Hoffman and 
Parsons, 1997, Gotelli and Taylor, 1999). Our results indicated that lake trout growth has 
increased since the 1950s with warming summer air temperatures. A continued increase in 
temperatures is likely to impact lake trout populations indirectly through a longer ice-free period, 
changes to deep-water dissolved oxygen, and changes to primary productivity (Clilverd et al., 
2009; Arp et al., 2010). For ectothermic organisms such as lake trout, higher temperatures
30
directly affect growth and metabolism (Brett and Groves, 1979). The positive relationship 
between growth and temperature has limits however, and for lake trout, water temperatures 
higher than approximately 13°C are thought to be unfavorable (Martin and Olver, 1980). 
Increased growth or population size could result in resource limitation or negative density 
effects. For example, it has been estimated that juvenile lake trout in Toolik Lake would need to 
consume more than eight times as much food given a 3°C increase in July water temperatures 
(McDonald et al., 1996). Moreover productivity of least cisco, an important lake trout prey 
species, is expected to increase as climate warms across the Arctic (Carey and Zimmerman, 
2014). This potential increased productivity may affect lake trout by increasing adult food 
availability, or may increase forage competition with juvenile lake trout. Thus, temperature 
changes can lead to changes in aquatic food webs that can reach across trophic levels.
Future research opportunities could build on the techniques used in this study to learn 
more about this poorly understood region. Our study primarily used observed and modeled air 
temperatures as our climate descriptors. Ongoing lake monitoring efforts are providing new 
water temperature data, which could prove valuable for further aquatic studies instead of relying 
on air temperature as a proxy for water temperature. Air temperature and water temperature have 
a strong relationship but there are many confounding factors (i.e., depth, wind, etc.; Livingstone 
and Lotter, 1998). Recent research has shown that sea ice decline has measureable effects on 
lake ice phenology in Arctic lakes (Alexeev et al., 2016). Although sea ice was not a significant 
climate descriptor in this study, populations of lake trout are present in the Teshekpuk Lake 
watershed, a coastal watershed that is affected significantly by sea ice decline. Applying our 
methods to this and other similar watersheds could prove insightful toward a better 
understanding of the role of sea ice decline Arctic fish population dynamics.
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Lake trout are ecologically important in Arctic lakes. We have found that lake trout 
growth has increased since the 1950s in response to a warming Arctic. Future climate change is 
likely to impact these populations both directly and indirectly through ecosystem changes. As a 
top predator, impacts to lake trout populations would reach across trophic levels. This study has 
demonstrated the utility of biochronology techniques, as well as provided valuable knowledge on 
how a large bodied, long lived fish may react to climate change.
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Figure 1.1. Location of the study area in Fish Creek watershed, Alaska, (inset: highlighted in 
yellow), lakes where lake trout were captured (red highlights).
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Figure 1.2. Example lake temperature profile for a deep, polymictic lake, located in the Fish 
Creek watershed, Alaska. Lake profile depicts water temperature (°C), indicated by color, and 
shows lake mixing patterns by depth, y-axis, and date, x-axis.
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Figure 1.3. Example otolith image with measurement transect from 2014-1977. Regions with 
presumed higher (2007, 2004, 1989) and lower (2003, 1985, 1983) growth years are indicated.
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Figure 1.4. Fork length (mm) frequency of adult lake trout collected from lakes in the Fish Creek 
watershed, Alaska, during 2014 and 2015.
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Figure 1.5. Mean raw ring width (mm; x-axis; upper panel) and ring width index corrected for 
age related growth decline (unitless; x-axis; lower panel) for 49 lake trout from 1977-2014. Grey 
shaded area is the standard error.
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Figure 1.6. Mean August temperature (°C; dashed red line, left y-axis) observed at the Inigok 
weather station from 1998 to 2013, and growth chronology corrected for age related growth 
decline (RWI; solid black line, right y-axis, unitless) for the same period.
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Figure 1.7. Mean August temperature (°C; y-axis) observed at the Inigok weather station through 
time (x-axis; red line) and predicted by a lake trout growth chronology (y-axis; blue line) over 
1977-2014.
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Figure 1.8. Ring width index (RWI, unitless) representing lake trout growth predicted from 
modeled mean August temperature estimated by the Polar-WRF model over 1950-2014.
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Table 1.1. Summary statistics of lake trout captured in the Fish Creek watershed, Alaska, in 2014 
and 2015 by lake. Lakes are categorized by surface area: Small (Sml) = < 200 ha, Large (Lrg) =
> 200 ha; and connectivity class: seasonally connected, perennially connected or flow through. 
Depth is maximum depth (m). The number of fish captured, sex, mean, minimum, maximum, 
and standard deviation of fork length (mm) are shown.
Lake Category Depth
(m)
N Male Female
Fork length (mm) 
Mean Min Max SD
621 Sml-seasonal 9.8 3 1 1 662.3 546 737 102.1
750 Lrg-flow through 9.5 3 0 3 857.6 824 903 40.8
756 Lrg-seasonal 9.8 5 1 4 700.8 683 726 21.6
757 Sml-seasonal 10.1 5 1 4 505.2 471 548 30.0
1822 Lrg-perennial 12.5 5 1 4 555.4 507 601 33.6
2208 Lrg-perennial 12.2 5 2 3 535.2 506 546 16.5
2361 Lrg-flow through 6.7 4 1 3 503.8 482 536 23.3
2367 Sml-perennial 12.2 4 2 2 536.5 494 545 47.5
2373 Lrg-perennial 14.5 2 1 1 557.5 520 595 53.0
2385 Lrg-flow through - 3 1 2 517.5 514 523 5.1
2204 Lrg-flow through 4.0 1 0 1 589 - - -
Inigok Lrg-flow through 13.7 6 3 3 531.0 491 602 41.9
Ini-004 Sml-perennial 12.5 6 3 3 667.1 588 732 62.8
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Table 1.2. Summary statistics for climate descriptors used in models predicting lake trout growth 
in the Fish Creek Watershed, Alaska, by month. All descriptors except sea ice are based on 
means of bi-hourly air temperature observations at Inigok, Alaska. Months are May (My), June 
(Jn), July (Jy). August (Ag), September (S), and October (O).
Climate Descriptor Mean Min. Max. Std. Error Std. Deviation
Annual -10.5 -15.6 -6.0 0.4 1.9
Jn, Jy, Ag 7.9 5.3 10.2 0.3 1.3
My, Jn, Jy, Ag 4.6 -3.3 6.9 0.6 2.3
My, Jn, Jy, Ag, S 4.0 -1.7 5.5 0.4 1.7
My 5.3 -12.0 -1.8 0.7 2.7
Jn 6.6 4.2 9.0 0.4 1.6
Jy 10.6 7.3 13.0 0.4 1.4
Ag 7.3 3.9 10.4 0.5 1.9
O -7.2 -13.5 -3.5 0.6 2.5
Sea ice 0.6 0.1 1.0 0.1 0.3
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Table 1.3. Summary of model selection statistics for models predicting lake trout growth from 
climate descriptors ranked by AICc. Abbreviations are as follows: K = the number of parameters, 
including the intercept and residual variance; (AICc) = value for a particular model compared 
with the top-ranked model; AAICc= the difference in the corrected Akaike information criterion.
Wi = Akaike weights; L-L = the log-likelihood; RMSE = the root mean squared error; R2adj = 
describes the relationship between a particular model and the growth chronology. Months are 
May (My), June (Jn), July (Jy). August (Ag), September (S), and October (O).
Model K AICc AAICc Wi LL RMSE R adj
Ag 3 -43.46 0.00 0.76 25.73 0.048 0.55
Ag + Jn 4 -40.93 2.53 0.21 26.29 0.047 0.55
Ag + Jn + Jy 5 -36.86 6.60 0.03 26.42 0.046 0.52
Ag + Jy + My + O 6 -30.45 13.01 0.00 25.89 0.048 0.44
Ag + Jn + Jy+ O + Sea ice 7 -25.25 18.21 0.00 26.63 0.046 0.43
Ag + My + Jn + Jy + O + Sea ice 8 -16.77 26.69 0.00 26.67 0.046 0.37
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APPENDIX
Ap p e n d ix  1.A. Ring width index (RWI), mean August air temperature (°C) recorded at Inigok, 
Alaska, weather station, and mean August temperature (°C) predicted by regression using RWI.
Year RWI Inigok temp. RWI temp.
1977 1.26 NA 12.28
1978 0.97 NA 6.71
1979 0.95 NA 6.36
1980 0.99 NA 7.10
1981 1.05 NA 8.29
1982 1.08 NA 00 00 00
1983 0.79 NA 3.33
1984 1.01 NA 7.53
1985 0.83 NA 4.21
1986 0.92 NA 5.79
1987 0.94 NA 6.29
1988 0.92 NA 5.82
1989 1.10 NA 9.29
1990 1.07 NA 8.66
1991 1.00 NA 7.39
1992 0.95 NA 6.32
1993 0.97 NA 6.86
1994 0.96 NA 6.65
1995 0.95 NA 6.38
1996 0.96 NA 6.65
1997 1.04 NA 8.13
1998 1.05 6.88 8.34
1999 1.00 8.86 7.29
2000 0.93 5.81 6.10
2001 0.93 5.29 6.05
2002 0.91 6.25 5.72
2003 0.87 3.89 4.94
2004 1.15 9.57 10.18
2005 1.03 8.60 7.83
2006 0.96 5.16 6.54
2007 1.14 9.10 10.01
2008 0.94 4.89 6.16
2009 1.03 7.06 7.96
2010 1.01 9.18 7.51
2011 1.01 7.84 7.52
2012 1.03 10.3 7.90
2013 0.94 7.56 6.24
2014 0.90 NA 5.47
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Chapter 2: Variation in Lake Trout Growth Rates across Arctic Lakes1 
Abstract
Freshwater habitats in the Arctic are experiencing increased effects of climate change. Despite 
ongoing research in the region, the implications for climate-sensitive, polymictic lake 
ecosystems are largely unknown. Predictions have indicated that warming water temperatures 
will increase fish growth, but the magnitude and specific factors influencing these changes are 
uncertain. Here, we investigated the relationship between physical and biological characteristics, 
as well as fish community structure, and Lake Trout Salvelinus namaycush growth. Lake Trout 
(N = 53) were captured from 13 lakes in the Fish Creek watershed in Northern Alaska. 
Individuals ranged from 471-903 mm fork length (mean = 589.3 ± 102.5 SD), and ranged in age 
from 12-55 years (mean = 24.9 ± 11.6 SD). Otolith increment analysis and the biological- 
intercept method were used to back-calculate length-at-age and these estimates were used to 
construct Walford plots from which the growth coefficient K  was calculated; K  ranged from 
0.757-0.990 (mean = 0.901 ± 0.05 SD). Lake Trout K  was modeled as a function of physical and 
biological characteristics and fish community structure using multiple linear regression, and 
seven candidate models were evaluated and ranked using Akaike’s information criterion. The 
highest ranked model included physical (depth, distance to river and coast, connectivity class, 
and number of stream intersections) and biological (sex) covariates. Model averaging indicated 
K  was higher in deeper, well connected lakes that were located farther from the coast and was 
lower for poorly connected lakes with increasing distance from a large river. An improved
xTorvinen, E. S., J. A. Falke, C. D. Arp, B. M. Jones, C. E. Zimmerman, and M. Whitman. Variation in Lake Trout 
Growth Rates across Arctic Lakes. Formatted for Transactions o f  the American Fisheries Society.
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understanding of the role of the environment on Lake Trout growth is important for conservation 
and management of this top predator in changing Arctic lake ecosystems.
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Introduction
Across the Arctic, freshwater systems are experiencing increased effects of climate 
change relative to other regions (Prowse et al. 2006). For example, sediment cores collected from 
lakes on Baffin Island, Canada, show increased primary productivity that correlates with 
warming temperatures associated with anthropogenic activities (Michelutti et al. 2005). Despite 
these changes, the overall scope and magnitude of a warming climate and the effects on sensitive 
Arctic ecosystems remains largely unknown. It has been predicted that fish growth will increase 
with warming temperatures, but as aquatic ecosystems and food availability changes, the 
magnitude of these changes is uncertain (Carey and Zimmerman 2014). Growth in fishes is often 
used as a fundamental proxy for individual fitness, and growth rates have been shown to be 
influenced by physical and biological factors, and fish community structure (Le Cren 1951; 
McDonald et al. 1996; Blair et al. 2013), which are directly linked to environmental change. 
Lakes are a dominant feature across the Arctic landscape (Hinkel et al. 2005), but due to the 
remote nature of Arctic regions, limnological data are sparse relative to other regions globally. 
However, recent Arctic lake monitoring and lake classification efforts (Whitman et al. 2011; 
Jones and Zuck 2016) have provided new information which we can use to investigate the 
influence of environmental variation on fish growth in the Arctic.
Fish species experience indeterminate growth, meaning they grow throughout their life 
span (Weatherley and Gill 1987). However, indeterminate growth is rarely linear; in general, 
growth rate declines with increasing size and age (Sebens 1987; Mommsen 2001) and with 
habitat limitations, density-dependent competition, or genetics (McKay et al. 1986; Lorenzen and 
Enberg 2001). Biological factors, including sex, have also been shown to influence variation in 
fish growth. Reproductive energy requirements are much higher for females; thus, females may
57
have less energy available for somatic growth (Le Cren 1951; Saillant et al. 2001). This is further 
evident in variation of age and size at sexual maturation, with males often reaching maturity at 
an earlier age and at a smaller size (Burr 1987). For these reasons, variation in growth may be 
intrinsically different between sexes; as a result, it is imperative to differentiate between sexes 
when making inferences on patterns of fish growth.
The physical environment influences habitat quality and plays a pivotal role in fish 
growth in lakes (Blair et al. 2013). For example, lake characteristics such as depth and 
connectivity may influence growth through a number of mechanisms (e.g., temperature, lake ice 
phenology; King et al. 1999; Arp et al. 2015). Depth influences growth by providing thermal 
refuge and, through behavioral thermoregulation, controls species distribution within the water 
column (Beitinger and Fitzpatrick 1979; Olson et al. 1988; Snucins and Gunn 1995). Because 
fishes are ectotherms, they often inhabit an optimum thermal range where, if food availability is 
unlimited, maximum growth can be achieved (Magnuson et al. 1979; Weatherley and Gill 1987). 
For example, Lake Trout Salvelinus namaycush, a characteristic top predator in Arctic lakes, has 
an optimal temperature range of 6-13°C and must move to cold, deep waters to thermoregulate 
and reach maximum growth potential (Martin and Olver 1980). Another strategy that fish 
employ is to move between water bodies to seek suitable environmental conditions; however, the 
ability to do so is often limited if habitats are poorly connected (Kennedy 1941; Gowan and 
Fausch 1996) and in Arctic lake systems, dispersal can be hindered by low stream flow in 
connecting streams, ice, or human development (Fagan 2002; Heim et al. 2015). Connectivity 
among lakes allows fish to select optimum habitat as environmental conditions change 
seasonally, allowing for maximum growth to be achieved. In Arctic lake systems, connectivity
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has been shown to be an important predictor of fish species richness, a metric of food web 
structure and prey availability (Haynes et al. 2014; Laske et al. 2016).
Lake Trout undergo ontogenic diet shifts throughout their life span. Juvenile Lake Trout 
are functionally planktivorous; as individuals get older and increase in size, swimming ability, 
and gape size, larger prey items can be consumed (Mittelbach and Persson 1998). However, the 
ability to make these diet shifts is dependent on prey availability and food web structure 
(Sherwood et al. 2002). A recent study of Arctic fishes found that connectivity was a driver of 
fish species assemblage, and a permanent channel connection was necessary for large-bodied 
fish species (e.g., Lake Trout, Arctic Grayling Thymallus arcticus, Broad Whitefish Coregonus 
nasus) to be present (Laske et al. 2016). Top predators such as Lake Trout benefit from the 
presence of large-bodied prey items because, where available, foraging on larger prey items 
generally have lower forage energy costs than feeding on smaller prey items (Pazzia et al. 2002). 
Empirical studies have shown that growth rates increase as prey size increases. For example, 
when planktivorous Lake Trout with stunted growth were transferred to a lake with a fish prey 
base, individuals shifted to piscivory and growth rates increased (Konkle and Sprules 1986), 
highlighting the influence of prey availability on diets and Lake Trout growth.
Arctic lakes are unique in that they minimally stratify (Welch et al. 1987) and have cold 
temperatures, a short ice-free season (Brewer 1958), and low productivity (Michelutti et al.
2005); all of these elements are expected to be affected by climate change. High-latitude studies 
have indicated that water temperatures are warming (O’Reilly et al. 2015); thus, as prey 
productivity increases under warmer conditions, growth of Arctic fishes may also increase 
(McDonald et al. 1996; Carey and Zimmerman 2014; E. Torvinen, University of Alaska 
Fairbanks, unpublished data). Because of the oligotrophic nature and simple food webs of these
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lakes, top predators such as Lake Trout, could be food stressed in situations where increased prey 
productivity may increase growth (McDonald and Hershey 1989; McDonald et al. 1996). Any 
changes to growth rates of Lake Trout would likely affect lower trophic levels and the aquatic 
ecosystem as a whole (Carpenter et al. 1985; Hershey et al. 1990).
Given impending changes to physical and biological processes and fish community 
structures in Arctic lakes, and the importance of Lake Trout as a top predator in these systems, 
our overall goal was to better understand how individual Lake Trout growth varied across lakes 
with differing environmental characteristics. Specifically, our objectives were to 1) back- 
calculate length-at-age using otolith growth-increment analysis; 2) estimate individual growth 
rates (K; von Bertalanffy 1938); and 3) examine relationships among K  and physical and 
biological factors, and fish community structure measured for study lakes. A better 
understanding of the influence of environmental factors on Lake Trout growth will provide 
critical data to assess changes to freshwater systems in the warming Arctic.
Methods
Study area. — This study focused on patterns of growth in Lake Trout collected from 
lakes in the Fish Creek watershed (FCW), located in the central portion of the Arctic Coastal 
Plain (ACP) in northern Alaska (Figure 2.1). This area is dominated by topographic depression 
lakes (Carter 1981; Jorgenson and Shur 2007), which comprise >20% of the surface landscape 
(Hinkel et al. 2005; Arp and Jones 2009). The FCW covers 4,900 km2 and includes 4,362 lakes 
> 1 ha (Jones et al. 2017). Lake surface area reflects the surrounding topography (Sellmann et al. 
1975; Hinkel 2006), and most lakes in this region are smaller than 20 ha surface area (Jones et 
al. 2017). Lakes in the region exhibit a short ice-free season with ice-out usually occurring in
60
late June and freeze-up by late September. At least 16 resident and migratory fish species inhabit 
the FCW and surrounding region; Arctic Grayling, Broad Whitefish, Least Cisco Coregonus 
sardinella, and Ninespine Stickleback Pungitiuspungitius are the most prevalent (Whitman et al. 
2011; Laske et al. 2016).
Site selection. — Over 4,300 lakes have been identified within the FCW (Figure 2.1), and 
study lakes were selected using a lake classification scheme developed to characterize lake types 
based on remotely-sensed hydrogeomorphic attributes (Jones et al. 2017). Based on previous 
work in the region (Haynes et al. 2014; Laske et al. 2016), we expected that lake depth, 
connectivity, and surface area would represent major gradients in primary and secondary 
productivity and fish community structure; thus we categorized lakes for sampling based on the 
aforementioned three criteria. Lakes were classified as shallow or deep based on their ice regime 
as determined by Synthetic Aperture Radar Digital Surface Model (SAR); lakes with bedfast ice 
were classified as shallow, and those with floating ice deep. In the FCW, the cutoff between 
bedfast and floating ice regimes occurs at a depth of approximately 1.6 m (Grunblatt and 
Atwood 2014). Shallow lakes were not expected to contain Lake Trout and thus, were not 
included in the sampling frame. Connectivity classes were estimated using the ArcGIS 
hydrology toolset (ESRI 2011) based on Interferometric Synthetic Aperture Radar (IfSAR) data 
using stream contributing area criteria and low-flow field surveys. Lakes were assigned one of 
four connectivity classes: isolated, seasonally connected, perennially connected, or flow through. 
Seasonally and perennially connected were defined as having an intersection with at least one 
stream with contributing area of 15 and 25 km2, respectively. Flow through lakes had a 
contributing area stream of >25 km2 (Jones et al., in review). Because lake connectivity has been 
shown to influence fish species richness in nearby regions (Laske et al. 2016), it was not
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expected that isolated lakes support Lake Trout and we subsequently excluded them from further 
analysis. IfSAR data were also used to classify lakes by surface area (ha; small < 200 ha, large > 
200 ha). Based on this rationale and owing to logistical constraints associated with accessing this 
remote region, nine flow-thorough (six large, three small), five seasonally connected (two large, 
three small), and 13 perennially connected (six large, seven small) were selected for sampling.
Lake Trout capture. — Lake trout were captured during the 2014 and 2015 field effort 
using a combination of baited set lines (jug sets), angling, and sinking gill nets. Hook-less jug 
sets are a passive angling technique in which high visibility floating buoys are attached to a 
bottom weight using a heavy line and baits are attached to the weight on a lighter 1-2 m leader. 
These jug sets were checked at least once every 24-hour period. When time and weather allowed, 
two types of experimental gill nets were also deployed in the deepest areas of each lake. One 
experimental variable-mesh gill net measured 38 m x 1.8 m, with five panels ranging in bar mesh 
size from 1.3 to 6.5 cm. The other gill net measured 33 m x 1.8 m, with three panels ranging in 
bar mesh size from 6 to 9 cm. To minimize bycatch, gill nets were checked every 2 to 3 hours. 
These passive collection techniques complimented angling methods to target adult Lake Trout. 
Angling methods consisted of casting heavy spoons (>15 g) or spinners either from shore or 
large inflatable kayaks. Only large adult Lake Trout greater than 471-mm fork length (FL) were 
collected. Fish were euthanized via decapitation, morphological measurements of FL (mm), and 
weight (kg) were taken, and sex was identified by opening the body cavity and observing 
gonads. Finally, both sagittal otoliths were removed using the guillotine method (Secor et al. 
1991).
Limnological data.—Physical limnological attributes of study lakes were measured using 
a combination of field-based and remotely-sensed methods. Maximum depth (m) was measured
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using a weighted transect tape in the field along two perpendicular linear transects. Remotely- 
sensed attributes included distance to coast (km), connectivity class, number of stream 
intersections, and distance to river (km). Distance to coast was measured using color infrared 
orthophotography as the straight line distance from the focal lake to the mouth of the Fish Creek 
delta (Figure 2.1). Connectivity was the connectivity class (see Site selection), and streams was 
the number of second-order streams (Strahler 1957) flowing into or out of lake as determined 
using IfSAR DSM data. Distance to river was the straight line distance from a focal lake to the 
nearest fifth-order or higher stream, also derived from IfSAR DSM data.
Fish community structure. — Fish species richness was surveyed to establish prey 
availability and trophic structure using the multimethod occupancy approach for Arctic lakes 
described by Haynes et al. (2013). This approach recommends sampling using multiple gear 
types: minnow traps, fyke nets, gill nets, jug sets, and beach seines. Sixteen minnow traps were 
used in sampling; eight traps were affixed to shore and eight traps were sunk in a deep hole 
within a lake and these were checked and removed after a 12-hour period. Two hoop net 
constructed Fyke nets, with 0.3-cm mesh and a frame opening of 1.1 x 1.1 m, were set 
perpendicular from shore near a lake outlet where available. Two 15.2 x 1.2 m wings and a 30.5­
m centerline with 0.6-cm mesh were attached to each fyke net. Fyke nets were checked twice 
during a 24-hour period. Shorelines were sampled using a 15-m x 1.2-m beach seine with 3-mm 
mesh, and two replicates were conducted at three different locations (Haynes et al. 2013).
Otolith analysis. —  Otoliths were stored dry in paper envelopes until embedded in epoxy, 
then sectioned on the transverse plane using a low-speed wafering saw (Buehler, Lake Bluff, 
Illinois) before being affixed to a microscope slide. Digital images of each sectioned otolith were
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taken with a 5.0 megapixel digital camera (DFC425, Leica Camera, Inc., Allendale, New Jersey) 
affixed to a compound microscope (Leica DM 2000) using transmitted light.
Once clear images were acquired, annuli were counted and widths were measured using 
Image Pro plus 7.0 software (Media Cybernetics, Rockville, Maryland, USA) using the caliper 
tool, beginning at the otolith margin and proceeding on a continuous transect to the focus. Each 
annuli was defined by, and measured from, the outside margin of the translucent zone (a narrow 
dark band under transmitted light) to the outside margin of the next translucent zone (Beckman 
and Wilson 1995) and resulted in annual ring width values (mm). Although care was taken to 
measure each annuli perpendicular to the axis of growth (von Biela et al. 2015), the exact 
location and length of the measurement transect varied between individuals. Because these 
methods require clear identifiable annuli to assess variation in otolith growth patterns, 
inconsistencies between sequences were accounted for by multiplying by a standardization 
factor to maintain relative increment width differences while correcting for between-otolith 
inconsistencies (Campana 1984).
Crossdating techniques were used to validate age estimations using the software 
COFECHA (Holmes 1983, Torvinen 2017). Crossdating is a technique pioneered by 
dendrochronogists under the assumption that that an environmental variable (e.g., temperature) 
limits growth. As a result, annuli widths will vary as a function of environmental variation. This 
environmental control on growth is expected to result in similar patterns of annuli width in 
individuals collected within a region (Stokes and Smiley 1996; Black et al. 2005).
Length back-calculations and growth. — Once a standardized increment sequence was 
created, length was back-calculated using the biological intercept method (Campana 1990). This 
method is based on the relationship between length and age, but also includes the otolith width
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of an age-0 Lake Trout. In this case, otolith width of an age-0 individual was assigned 0.137 
mm, where fish length = 21.7 mm (Bronte et al. 1995; Hansen et al. 2012). These values were 
used in the biological intercept model (Campana 1990), a modified Fraser-Lee equation (Ricker 
1975):
L i = L c + [(Si - Sc)(Lc -  Lo)]/(Sc -  So), 
where L i = back-calculated length at the ith increment; L c = length at capture; Si = otolith radius 
at the ith increment; Sc = otolith radius at capture; Lo = length of fish at age-0; So = otolith width 
at age-0. It was found that back-calculated length-at-age estimates for early years were often 
poor quality and highly influenced individual growth curves. Material is not deposited 
uniformly during otolith formation, thus transverse sections are used to improve clarity. Despite 
this, otolith clarity is still inconsistent (Chilton and Beamish, 1982) and annuli from early 
growth years (first 1-5 annuli) are often unclear (Hansen et al. 2012). As a result, length 
estimations for the first five growth increments were omitted from further analysis.
We estimated fish growth coefficient (K), which describes how quickly an individual 
reaches maximum theoretical length (L<»; Quist et al. 2012), based on length-at-age estimates 
using Walford plots (Lt vs. L t+1) constructed for individual fish. The slope of the resulting line is 
equal to K, which is identical to K  as described in the von Bertalanffy model (von Bertalanffy 
1938).
Model selection.— Individual Lake Trout K  was modeled as a function of biological and 
physical factors, as well as fish community structure of study lakes (Table 2.3) using multiple 
linear regression. Biological descriptors included sex, fish community structure included fish 
species richness, Least Cisco abundance, and Ninespine Stickleback abundance. Physical 
covariates were maximum depth, distance to coast, distance to river, connectivity class, and
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number of stream intersections. It was expected that these covariates would have a high degree 
of multi-collinearity thus all continuous predictors were examined using the variance inflation 
factor (VIF). Covariates with a VIF > 10 were not considered in further analysis (Montgomery 
et al. 2015; Beatty et al. 2014). Based on the reduced subset of predictors, a set of seven 
candidate models were constructed that contained sets of explanatory variables hypothesized to 
best predict K  (Burnham and Anderson 2002). Candidate models were compared simultaneously 
using Akaike’s information criterion (AIC) adjusted for bias due to small sample size (AICc), 
and we considered the best model, given the data, that with the lowest AICc and highest Akaike 
weight (wi). To account for model uncertainty, model averaging was used to calculate parameter 
estimates and variances from models in the confidence model set (wi > 0.05) and we made 
inferences based upon these estimates. All analyses were conducted in Program R (R 
Development Core Team 2015) using the glm package.
Results
Lake Trout capture. — A total of 53 adult Lake Trout were captured from 13 lakes, ten 
lakes of which were large (> 200 ha) lakes and three lakes which were small (< 200 ha). Four 
flow through, three seasonally, and six perennially connected lakes were sampled. Lake Trout 
were captured using angling (N = 27), jug sets (N = 18), and gill nets (N = 8). Individuals ranged 
from 471-903-mm FL (mean = 589.34 ± 102.5 SD), and the sex ratio was skewed to females (n 
= 34) over males (n = 18) with one individual of unknown sex (Table 2.1). A simple binomial 
test confirmed that the probability of a captured individual being female was greater than 0.5 (P 
= 0.018).
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Physical data and fish community structure. —  Of the thirteen lakes sampled, nine were 
systematically sampled to determine fish species richness and abundance. Species richness 
ranged from 4-8, with Ninespine Stickleback and Least Cisco being most abundant.
Maximum depth was measured in 12 lakes, and ranged from 3.96-14.48 m (mean = 10.6 
± 3.0 SD). Distance to coast ranged from 68.2-78.5 km (mean = 69.5 ± 5.9 SD), and distance to 
river from 0.08-4.97 km (mean = 1.5 ± 1.3 SD). Second order stream intersections ranged from 
one to eight for the 13 lakes (mean = 3.4 ± 2.1 SD).
Length back-calculations and growth. — Of the 53 Lake Trout collected, 47 fish had 
clear annuli representing the entire lifespan, allowing them to be aged; these individuals ranged 
in age from 12-55 years (mean = 24.9 ± 11.6 SD; Figure 2.2). Ages were verified via statistical 
crossdating which identified several years to have consistently wide ring widths: 2007, 2004, and 
1989. Adversely, 2003, 1985, and 1983 resulted in consistently narrow growth rings (Figure 1.2). 
Based on results of the COFECHA analysis, this series was found to have a mean series inter­
correlation (SIC) of 0.327. Individual series correlation coefficients ranged from 0.054 to 0.697, 
and inter-annual ring-width variability (mean sensitivity index) was 0.231. Individual growth 
coefficients (K) ranged from 0.757-0.990 (mean = 0.901 ± 0.05; Figure 2.2).
Model selection. — The highest ranked model included only physical covariates (depth, 
distance to river, distance to coast, connectivity class, and number of stream intersections) and 
accounted for 79% of the weight of candidate models. However, a model with the biological 
covariate, sex, was also included in the confidence model set and accounted for an additional 
18% of model weights (Table 2.2). Model averaging indicated that K  was higher in deeper, well 
connected lakes, located further from the coast (Figure 2.3), and decreased with distance from a 
large river. However, confidence intervals for all covariates, with the exception of maximum
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depth, overlapped zero, indicating uncertainty in the direction of effects for those factors (Table 
2.3).
Discussion
Our research showed that Lake Trout growth coefficients were strongly influenced by physical 
characteristics such as depth in Arctic lakes and varied by sex. Because environmental change 
has direct effects on Arctic lake hydrology and geomorphology, knowledge of the relationships 
among these factors and fish growth will be key to understanding Arctic fishes in a changing 
environment. Here, we synthesize information from this research and related studies to describe 
how physical and biological characteristics and fish community structure, may influence Lake 
Trout growth, as well as discuss assumptions and implications associated with this study.
We found that Lake Trout growth responded strongest to maximum lake depth; growth 
rates were higher in deeper lakes. Lake temperature and dissolved oxygen, key factors in fish 
growth and energetics, vary with depth, and in deep lakes are expected to provide thermal refuge, 
favorable for Lake Trout growth (Martin and Olver 1980). Lake depth has been found to 
influence fish community structure, increasing fish species richness, by providing adequate 
habitat, especially oxygenated water for overwintering populations (Hershey et al. 2006; Leppi et 
al. 2016). A species rich ecosystem, likely to be found in a deeper lake, may provide a higher 
quality, and more diverse and stable prey base for Lake Trout (Magnuson et al. 1998). Lake 
depth is likely to be of increasing importance as lake temperatures warm and ice-free period 
increases. These effects could cause an increased level of stratification in typically polymictic 
Arctic lakes (Lewis 1983). As mentioned above, warmer lake temperatures are likely to increase 
Lake Trout growth, but only if productivity increases provide sufficient resources to support such
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growth (McDonald et al. 1996; Carey and Zimmerman 2014). Deeper lakes, associated with a 
higher quality prey base may become increasingly important for Lake Trout to reach maximum 
growth potential in a warming Arctic.
The top model of Lake Trout growth rates included only physical covariates and 
indicated that Lake Trout growth rate increased with the number of connecting streams, although 
considerable uncertainty surrounded this estimate. The number of stream intersections can be 
used as a metric of among-lake connectivity a factor which has been demonstrated to provide 
important foraging opportunities and be a driver of species richness for Arctic fish species 
(Haynes et al. 2014; Heim et al. 2015; Laske et al. 2016). Stream inlets into lakes are ecotones 
where terrestrial, lotic, and lentic ecosystems interact. Allochthonous material (e.g., particulate 
organic matter) and terrestrial invertebrates are deposited into streams, which in turn enter lake 
systems at stream mouths (Vannote et al. 1980; Cole et al. 2006). This energy input influences 
fish distribution within lakes and may result in prey aggregations near stream mouths (L. 
Moulton, MJM Research, LLC, unpublished data) and could be particularly important in the 
Arctic during spring snowmelt and corresponding peak river discharge (Bowling et al. 2003). 
Such periods of high flows allow fish to travel between water bodies (Heim et al. 2015), leading 
to a period of high foraging activity and also occur within the period Arctic lake temperatures are 
likely within the optimal thermal range of Lake Trout. Overall, a higher number of streams 
feeding into Arctic lakes likely provide increased feeding opportunities for Lake Trout, thus 
increasing growth in lakes with multiple connecting streams.
We found that Lake Trout growth increased with distance from the Arctic Coast, likely as 
a result of warmer air temperatures further from the coast which lead to warmer lake 
temperatures and increased Lake Trout growth in this region (Hinkel et al. 2012; Black et al.
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2013; E. Torvinen, University of Alaska Fairbanks, unpublished data). The Arctic Ocean and 
Beaufort Sea play a significant role in climate patterns across the Arctic Coastal Plain where this 
study was conducted, and marine-related climate effects decrease as distance from the coast 
increases (Alexeev et al. 2016). For example, variability in lake ice thickness and phenology is 
associated with sea ice conditions, where years with large amounts of nearshore sea ice result in 
colder temperatures, less snow, and thicker lake ice (Zhang and Jeffries 2000). In the Beaufort 
Sea, sea ice loss from climate change has led to more nearshore, open-water areas (Wendler et al. 
2014) and increased snow cover, which has resulted in thinner lake ice, a pattern which declines 
as distance from the coast increases (Alexeev et al. 2016). Other climate descriptors, such as 
cloud cover, wind, and air temperature, also vary as distance from the coast increases and have 
direct effects on lake water temperature and mixing (Schindler et al. 1990; Fee et al. 1996) which 
may play a role in Lake Trout growth.
Model selection indicated the model consisting of physical covariates and the single 
biological covariate sex out-ranked models containing fish community structure covariates (fish 
species richness and prey species abundance). These ecosystem characteristics have a higher 
degree of variability than physical characteristics (Ball et al. 2007). Because fish community 
structure sampling only occurred during a single season, this snapshot of the aquatic ecosystem 
affecting long-lived Lake Trout may not have captured among-lake variation in processes that 
influence growth throughout the species long life span. For example, prey quality varies among 
species, including Ninespine Stickleback and Least Cisco, and abundance of these fishes varies 
among years (Ball et al. 2007). Such temporal variation in prey availability patterns likely plays 
a role in Lake Trout growth that is difficult to isolate given the long life span of this species.
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Studies in remote regions, such as the Arctic, allow researchers the unique opportunity to 
study fish ecology in populations largely unexploited by humans. For example, in populated 
areas, growth trends in long-lived individuals are often influenced by fishing-induced mortality. 
In the case of this current study, ecological inferences based on patterns of Lake Trout growth in 
remote Arctic lakes could be extended beyond these populations to the species as a whole. 
Moreover, excluding depth and sex, covariates used in the highest ranking model were measured 
using remote-sensing techniques, highlighting the versatility of using such data to predict 
ecological responses. The ability to map Lake Trout growth across the Arctic based on remotely- 
sensed lake attributes would be extremely useful for future studies of this ecologically important 
species because such data are often the only available in remote Arctic regions. Through this 
study, valuable ecological knowledge with regards to Lake Trout, a top predator, has been 
gained, this is vital to the understanding of changing Arctic aquatic ecosystems.
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Figure 2.1. Location of Fish Creek Watershed (FCW), Alaska (A); study area within the FCW 
(B); study lakes highlighted by size and connectivity class (C).
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Figure 2.2. Observed (points) and modeled (solid lines) length-at-age of 16 male (blue) and 31 
female (red) Lake Trout from the Fish Creek watershed, Alaska. Dashed lines are the tangent of 
each growth curve representative of growth coeffiecient K.
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Figure 2.3. Estimated Lake Trout growth (K; y-axis) as a function of distance from the coast 
(km; x-axis) and maximum depth (m; z-axis) in 13 Arctic lakes. Parameters (Table 2.3) were 
estimated using multiple linear regression and average from the top two models ranked 
according to AICc .
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Table 2.1. Summary of Lake Trout captured in the Fish Creek watershed, Alaska in 2014 and 
2015 by lake. Lakes are categorized by surface area, S = < 200 ha, L = > 200 ha, and 
connectivity class: seasonally connected, perennially connected or flow through. Depth is 
maximum depth (m). The number of fish captured, sex, mean, minimum, maximum, and 
standard deviation of fork length (mm) are shown.
Lake Category Depth(m) N Male Female
Fork length (mm) 
Mean Min Max SD
621 S-seasonal 9.8 3 1 1 662.3 546 737 102.1
750 L-flow through 9.5 3 0 3 857.6 824 903 40.8
756 L-seasonal 9.8 5 1 4 700.8 683 726 21.6
757 S-seasonal 10.1 5 1 4 505.2 471 548 30.0
1822 L-perennial 12.5 5 1 4 555.4 507 601 33.6
2208 L-perennial 12.2 5 2 3 535.2 506 546 16.5
2361 L-flow through 6.7 4 1 3 503.8 482 536 23.3
2367 S-perennial 12.2 4 2 2 536.5 494 545 47.5
2373 L-perennial 14.5 2 1 1 557.5 520 595 53.0
2385 L-flow through - 3 1 2 517.5 514 523 5.1
2204 L-flow through 4.0 1 0 1 589 - - -
Inigok L-flow through 13.7 6 3 3 531.0 491 602 41.9
Ini-004 S-perennial 12.5 6 3 3 667.1 588 732 62.8
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Table 2.2. Summary of model selection statistics for models predicting Lake Trout growth from 
physical and biological characteristics and fish community structure of Arctic lakes, ranked by 
AICc. Abbreviations are as follows: K = the number of parameters, including the intercept and 
residual variance; AICc = Akaike’s information criteria corrected for small sample sizes; 
AAICc= the difference in AICc from the top model; wi = Akaike weight; L-L = the log- 
likelihood. Depth = maximum depth (m), river = distance to river (km), coast = distance to coast 
(km), connect = connectivity class, streams = number of stream intersections, fish = fish species 
richness, STBK = Ninespine Stickleback abundance, and LESC = Least Cisco abundance.
Model K AICc AAICc w i LL
depth, river, coast, connect, streams 8 -138.25 0.00 0.79 79.12
sex 3 -135.24 3.00 0.18 70.91
depth, river, coast, connect, streams, sex 9 -131.72 6.53 0.03 77.51
fish, STBK, LESC 5 -117.71 20.54. 0.00 64.89
depth, river, coast, connect, streams, fish, STBK, 
LESC
10 -115.82 22.43 0.00 72.49
sex, fish, STBK, LESC 6 -110.40 27.84 0.00 62.76
depth, river, coast, connect, streams, fish, STBK, 
LESC, sex
11 -108.61 29.64 0.00 71.30
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Table 2.3. Model-averaged parameter estimates (standard error), relative variable importance, 
and unconditional 95% confidence limits for covariates predicting Lake Trout growth (K) from 
Arctic lakes. Estimates are derived from the confidence set of models with wi > 0.05 (Table 2.2).
Covariate Parameter
estimate
Relative
importance
Lower 95% CL Upper 95% CL P-value
Intercept 0.89 ± 0.08 0.93 0.75 1.04 < .001
Depth 0.05 ± 0.03 0.93 0.02 0.09 0.01
River - 0.02 ± 0.01 0.93 -0.04 0.001 0.13
Coast 0.03 ± 0.02 0.93 -0.002 0.06 0.13
ConnectB < 0.01 ± 0.06 0.93 -0.11 0.11 0.98
ConnectC - 0.06 ± 0.08 0.93 -0.21 0.07 0.44
Streams 0.02 ± 0.01 0.93 -0.0002 0.03 0.11
Sex (M) < 0.01 ± 0.01 0.07 -0.03 0.04 0.80
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General Conclusions
I demonstrated the utility of applying biochronology techniques to fish otoliths collected 
from Arctic lakes in Alaska, and investigated the relationship between growth of Lake Trout and 
physical and biological characteristics, and fish community structure, in addition to climate 
patterns. The main findings of this work were as follows:
• Forty-nine Lake Trout had otoliths with sufficient readable annuli, and series 
correlation coefficients ranged from 0.054 to 0.697. The mean series inter­
correlation (SIC) was 0.327, and the inter-annual ring-width variability (mean 
sensitivity index) was 0.231.
• Growth, measured by the ring width index (RWI; unitless) for 49 Lake Trout from 
13 Arctic lakes increased with mean August air temperature for the period 1977­
2014 (P < 0.001; R2adj = 0.55; RMSE = 0.048).
• Predicted August temperatures for the period 1977-2014 correlated with observed 
values (Pearson’s r = 0.76) and indicated a warming trend from 1978-1982 
followed by cooler years during 1983-1988. Conversely, 1998-2003 exhibited a 
cooling trend followed by a warm and variable period from 2004-2014.
• The mean August temperature descriptor generated from the Polar-WRF climate 
model also predicted RWI for the period 1977-2014 (P = 0.002), and based on 
this relationship I observed a trend in increasing RWI (R2 = 0.102, P  = .009) for 
the period that modeled climate data were available (1950-2014).
• Forty-seven adult Lake Trout were able to be correctly aged and ranged in age 
from 12-55 years (mean = 24.9 ± 11.6 SD). Individual growth coefficients (K),
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based on length-at-age back-calculations, ranged from 0.757-0.990 (mean =
0.901 ± 0.05 SD).
• The highest ranked model of K  as a function of environmental characteristics of 
my study lakes included only physical covariates (depth, distance to river, 
distance to coast, connectivity class, and number of stream intersections) and 
accounted for 79% of the model weights. A model including the biological 
covariate, sex, was also included in the confidence model set and accounted for 
18% of model weights.
• Model averaging indicated K  was higher in deeper, well connected lakes, that 
were located further from the coast and was lower as distance from large rivers 
increased.
Based on patterns of growth from Lake Trout collected in Arctic lakes, results from 
chapter one indicated a significant relationship between growth and observed mean August 
temperature. Observed air temperature data for this region, measured at Inigok, Alaska, were 
only available from 1998-present, thus using Lake Trout otoliths provided me with a proxy to 
estimate temperature patterns beyond the observed period over the period for which Lake Trout 
growth data were available (1977-2014). Modeled air temperature estimates for this region were 
available from the down-scaled Polar-WRF climate model for the period 1950-2014 (Kalnay et 
al. 1996). A significant relationship between modeled mean August air temperature and the Lake 
Trout growth chronology was detected. Using this relationship, I was able to estimate Lake Trout 
growth, which increased significantly over this period (1950-2014). These results are important 
as they further enforce predictions that, if food availability is not a limiting factor, increasing
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temperatures in the Artic will result in increased fish growth (McDonald et al. 1996; Carey and 
Zimmerman 2014).
This study has shown August temperature to be an important correlate with growth of 
Lake Trout in the Arctic for which there are several potential ecological and climate-related 
explanations. Increased water temperatures are associated with increased growth (Reist et al.
2006). In this region, August was the warmest month with respect to water temperatures and 
lakes were well mixed during this period. Moreover, August is the only month that is 
consistently ice-free, during which lake water temperatures are likely most responsive to 
variability in air temperatures (Arp et al. 2013). Although little is known about Lake Trout 
spawning behavior within my study area, Lake Trout have been documented spawning during 
the first week of September in other Arctic lakes (Burr 1987). As a result, August could be a time 
of heavy pre-spawn feeding, growth, and movement to spawning areas. With respect to Lake 
Trout growth, August is an important month during the short Arctic summer which can be 
detected through growth chronologies of this long-lived fish species.
This study highlights the utility of applied biochronology techniques to make inferences 
regarding past climate patterns and the influence of a changing climate on aquatic organisms. 
Despite Lake Trout being caught in lakes with varying physical characteristics, series inter­
correlation values suggest an acceptable degree of growth synchrony among individuals across 
different lakes, a requirement for the use of crossdating techniques (Black 2005). As a result of 
this synchrony, I was able to construct an environmentally sensitive Lake Trout growth 
chronology. This method proved capable of tracking trends in mean August temperature, across 
the three decade growth chronology period. The resulting predictions of mean August 
temperature for this period indicated a slight increase in the overall warming trend; however, it
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was not significant and coincides with observed climate patterns. This study demonstrated the 
utility of biochronology techniques, as well as provided valuable knowledge on how Lake Trout 
may react to a warming Arctic.
I found that Lake Trout growth rates responded most strongly to maximum lake depth, 
with growth rates increased in deeper lakes. Environmental conditions (e.g., water temperature 
and dissolved oxygen) associated with deep lakes are expected to be favorable for Lake Trout, a 
cold-water species (Martin and Olver 1980). Lake Trout, like many fish species, prefer habitat 
within a thermal range (6-13°C) optimal for metabolic processes (Gibson and Fry 1954). Deeper 
lakes are more likely to provide adequate thermal refuge, a factor likely to be of increasing 
importance as lake temperatures warm and ice-free period increases.
Warmer lake temperatures are likely to increase Lake Trout growth, if productivity 
increases correspondingly and food supply is unlimited (McDonald et al. 1996; Carey and 
Zimmerman 2014). Connectivity has been found to be a driving factor in fish species richness 
which is representative of prey diversity (Haynes et al. 2014; Laske et al. 2016). A species-rich 
ecosystem such as that found in a well-connected lake may provide a higher quality prey base for 
Lake Trout (Magnuson et al. 1998). With increased temperature and growth, energetic 
requirements also increase thus well-connected lakes are more likely to provide adequate prey 
for Lake Trout to achieve maximum growth (McDonald et al. 1996). A warming climate may 
also affect the hydrology of Arctic waters. Surface water levels may be reduced, thus reducing 
among-lake connectivity. As a result, migratory species (e.g., Broad Whitefish Coregonus nasus, 
Arctic Grayling Thymallus arcticus) may have inhibited movements (Craig 1984; Prowse et al. 
2006; Heim et al. 2015) and reduce the abundance of large bodied, energetically beneficial, prey 
items for Lake Trout (Pazzia et al. 2002).
92
I found that Lake Trout growth increased with distance from the Arctic Coast. The Arctic 
Ocean and Beaufort Sea play a significant role in climate patterns across the Arctic Coastal 
Plain, and marine-related climate effects decrease as distance from the coast increases (Alexeev 
et al. 2016). For example, variability in lake ice thickness and phenology is associated with sea 
ice conditions, where years with large amounts of near shore sea ice result in colder 
temperatures, less snow, and thicker lake ice (Zhang and Jeffries 2000). As sea ice continues to 
decline I expect local air temperature to increase (Vihma 2014) potentially leading to increased 
Lake Trout growth.
Future research opportunities could build on the techniques used in this study to learn 
more about this poorly understood region. My study primarily used observed and modeled air 
temperatures as climate descriptors. Ongoing lake monitoring efforts are providing new water 
temperature data, which could prove valuable for further aquatic studies instead of relying on air 
temperature as a proxy for water temperature. These techniques could be expanded spatially in 
order to detect the sea ice signal and climate descriptors associated with sea ice loss. The 
Teshekpuk Lake watershed located in the Arctic Coastal Plain is situated near the coast and is 
known to contain long-lived Lake Trout, and applying these methods to this watershed may 
strengthen statistical relationships between climate descriptors and Lake Trout growth. My Lake 
Trout chronology was constructed for the period (1977-2014), but could be expanded in the 
future by constructing a new chronology and linking overlapping years. This could further 
strengthen relationships with climate descriptors as well as expand the chronology over a longer 
period, crucial in predicting longer-term temperature trends.
Other future research should aim to collect improved data representing fish community 
structure in Arctic lakes. Such studies could complement existing data by monitoring a subset of
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lakes over time to quantify inter-annual variability in Arctic lake fish community components. 
Although my growth chronology could serve as a proxy of prey availability, without an 
empirically measured times series of these data only qualitative differences could be determined. 
This was evident in my chapter two where the relationship between fish community structure and 
Lake Trout growth was likely confounded owing to the different time scales of these metrics. A 
solution to this issue could be made by comparing growth increments that correspond to years 
when fish sampling occurred. Clearly, increased monitoring efforts and improved spatiotemporal 
specificity in Arctic lake ecosystem studies will improve our understanding of the role of climate 
warming in this sensitive environment.
In summary, this research contributes to a better understanding of Lake Trout ecology in 
the Arctic, as well as recent temperature patterns in this region and highlights the utility of 
applying biochronology techniques to long-lived fish species. Lake Trout are a top predator and 
changes to their growth and population dynamics will have impacts on lower trophic levels and 
the aquatic ecosystem as a whole. Further monitoring of this unique population warrants 
consideration in this rapidly changing ecosystem.
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•  Acquire and maintain all necessary permits and permissions prior to beginning work on this 
protocol. Failure to obtain or maintain valid permits is considered a violation o f an IACUC protocol 
and could result in revocation o f IACUC approval.
•  Ensure the protocol is up-to-date and submit modifications to the IACUC when necessary (see 
form 006 "Significant changes requiring IACUC review" in the IRBNet Forms and Templates)
•  Inform research personnel that only activities described in the approved IACUC protocol can 
be performed. Ensure personnel have been appropriately trained to perform their duties.
•  Be aware o f status o f other packages in IRBNet; this approval only applies to this package and 
the documents it contains; it does not imply approval for other revisions or renewals you may have 
submitted to the IACUC previously.
•  Ensure animal research personnel are aware o f the reporting procedures on the following page.
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